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ABSTRACT 

9 2 5 6 5  
Considering t h e  numerous and o f t en  d i f fe r ing  theo r i e s  ava i lab le  f o r  de te r -  

mining the  behavior of compressible turbulent boundary l aye r s  a choice of pre- 
d i c t ion  method i s  of ten  determined by the  avai lable  experimental da ta .  This 
paper considers t h i s  problem i n  the  l i g h t  of t h e  r e s u l t s  of recent experiments 
i n  a number of d i f f e ren t  f a c i l i t i e s  and from f l ight .  The data  f o r  skin f r i c -  
Cion and heat t r a n s f e r  a r e  general ly  from sharp f l a t  p l a t e  and pointed cone 
models and a re  now ava i lab le  f o r  very cold walls up t o  Mach numbers of approx- 
imately 9. 
compared t o  t h e  more recent predict ion methods. I n  addi t ion,  an evaluation of 
t h e  m a x i m u m  heat t r a n s f e r  and shear s t r e s s  t o  be encountered on smooth flat 
p l a t e s  and cones i s  made. Since boundary-layer sJructyre i s  an important con- 
s idera t ion ,  boundary-layer ve loc i ty  and temperature p r o f i l e s  obtained on hollow 
cyl inders  - and nozzle walls a re  considered. 

Mach number and wall-temperature e f f e c t s  from these  experiments a re  

~ 

INTRODUCTION 

A l a rge  number of methods f o r  predict ing t h e  behavior of compressible t u r -  
bulent  boundary l aye r s  have accumulated over t h e  years.  Often t h e  r e s u l t s  from 
these  methods d i f f e r  widely and recourse t o  experiments must be made. 
t h e  methods themselves a re  of ten  based on experiments so t h a t  an a l t e rna t ing  
procedure develops. 
r e s u l t s  of recent experiments i n  a number of d i f f e r e n t  f a c i l i t i e s  and from var- 
ious  organizations.  3 

I n  t u r n  

I n  our case, we w i l l  bring t o  bear on t h i s  problem the  

The r e s u l t s  f o r  heat t r a n s f e r  and skin f r i c t i o n  t h a t  a r e  presented here a r e  
i n  general  r e s t r i c t e d  t o  t h e  f l a t  plate w i t h  a "sharp" leading edge and t h e  
pointed cone; however, boundary-layer p ro f i l e s  obtained on hollow cyl inders  
and nozzle walls a r e  a l so  presented. 
p l a t e  and cone models i s  complicated by problems such as es tab l i sh ing  the  

Evaluating the  data  obtained on the  f l a t  
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v i r t u a l  or igin of the  boundary layer ,  t he  Reynolds analogy f ac to r ,  and t h e  
re la t ionship  of r e s u l t s  obtained on cones t o  those obtained on f l a t  p la tes ;  
these  problems are discussed i n  the  presentat ion.  

The r e s u l t s  allow a simultaneous assessment of wall-temperature e f f e c t  and 
Mach number e f f e c t  (Mach numbers up t o  about 9) i n  r e l a t i o n  t o  the more recent 
predict ion methods. Additionally, consideration i s  given t o  evaluating t h e  
maximum heat t r a n s f e r  and skin f r i c t i o n  t h a t  i s  encountered on smooth f l a t  
p l a t e s  and cones from very low t o  hypersonic speeds. 
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DATA ANALYSIS 

Of importance i n  evaluat ing s e t s  of data  which cover a large range of con- 
d i t i o n s  i s  the determination of a v i r t u a l  or ig in ,  which i s  hopefully consis- 
t e n t .  Among many assumptions one can use ( a )  t h e  physical leading edge; 
(b) t h e  s tar t  of t r a n s i t i o n  [l]; (c )  t he  end of t r a n s i t i o n  (say, t he  place of 
peak shear stress o r  peak heat ing)  [2] [a [g ; or  (d) match t h e  momentum loss  
across  an abrupt t r a n s i t i o n  point  and t h e o r e t i c a l l y  determine a hypothetical  
s ta r t  f o r  t he  turbulent  boundary l aye r  [ 5 ]  [6]. 

The f i rs t  three  assumptions were checked against  a la rge  body of heat-  
t r ans fe r  data obtained a t  t he  Langley laboratory and ce r t a in  low speed experi-  
ments. 
o r ig in ,  which was reasonably consis tent  f o r  t h e  bulk of the  data  was assump- 
t i o n  (c)  which u t i l i z e s  the  peak shear s t r e s s  or  peak heating as t h e  o r ig in ,  
thus  agreeing with Coles e a r l y  work [d. 
used f o r t h e  work reported i n  t h i s  paper. 
t u a l  or igin,  only data  where a peak can be iden t i f i ed ,  or where t r a n s i t i o n  
close t o  a t r i p  device occurs, can be used. 
matching i s  most a t t r a c t i v e  from the  standpoint of being the  l e a s t  a r b i t r a r y  
but  requires a p r i o r i  se lec t ion  of a compressible theory f o r  i t s  u t i l i z a t i o n  
i n  general. 

The only one of these  various assumptions of e f f e c t i v e  boundary-layer 

, This assumption of v i r t u a l  o r ig in  was 
A s  a consequence of using t h i s  v i r -  

Assumption (d)  o r  momentum 

L o w  speed heat- t ransfer  data [6] a re  shown i n  f igure  1 with Reynolds num- 

I n  t h e  turbulent  case t h e  Karman-Schoenherr equation f o r  l o c a l  
bers based on dis tance from t h e  leading edg? ar)d from the  assumed v i r t u a l  
o r ig in  (peak). 
sk in- f r ic t ion  coef f ic ien t  modified by the  analogy between heat transfer and 
momentum according t o  von K6rmin i s  shown f o r  comparison purposes. 
appendix A f o r  the  incompressible formulas used.)  
agreement with the  theory when measured from t h e  peak locat ion.  
t h e  data a t  t h e  lowest Reynolds numbers ( i . e . ,  c loses t  t o  the  peak) and t h e  data  
where natural  t r a n s i t i o n  occurred. This r e s u l t  a t  t h e  lowest Reynolds numbers 
i s  expected considering t h e  shape of t h e  experimental curve. However, t h e  d i f -  
f i c u l t y  with t h e  na tu ra l  t r a n s i t i o n  data  i s  believed due t o  t h e  use of t h e  
indicated peak i n  t he  data which form a long shallow curve i n  the region of t h e  
peak. 
these  data i n  good agreement with t h e  o the r  data and t h e  theory.  

(See 
The data  general ly  show good 

Exceptions are 

A r e l a t i v e l y  small forward correct ion t o  t h e  peak loca t ion  would put 

It might be wel l  t o  poin t  out here t h a t  t h e  Reynolds analogy f a c t o r  chosen 
t o  modify t h e  sk in- f r ic t ion  equation can have a s igni f icant  influence on t h e  
l e v e l  of t h e  experimental da ta  i n  t h e  form of t h e  Nst/Nst 
K&rm&n analogy f ac to r  used [7] (with Npr = 0.725, f o r  t h i s  paper) i s  within 

22 t o  23 percent of that given by t h e  more recent papers of Deissler-Loeffler 

r a t i o .  The 
9 



( M  = 0) [8] and Tetervin [9] but i s  9 t o  11 percent lower than the  value given 

by  t h e  Colburn analogy (Npr’2/3 with Npr = 0.725) f o r  LO6 < Rv < 107 and 

t h e r e  a r e  s t i l l  g rea te r  d i f fe rences  a t  higher Reynolds numbers. 

Both skin f r i c t i o n  and heat transfer have been obtained on a f l a t  p l a t e  by 
Neal i n  the  Langley 11-inch hypersonic tunnel and are shown i n  f igure  4. 
case the model was 10 inches i n  span and 24 inches long; however, the  tunnel  

I n  t h i s  

Examples of some high-speed unmodified data a re  shown i n  f igu re  2(a) .  
These data were obtained by Cary i n  the  Langley 20-inch hypersonic tunnel  on a 
f l a t  p l a t e  16 inches long and 11 inches i n  span. 
and two angles of a t t a c k  are shown. The highest angle of a t t ack  reduces t h e  
free-stream Mach number of 6 t o  a l o c a l  Mach number of 4. The known e f f e c t  of 
leading-edge thickness  and u n i t  Reynolds number on boundary-layer t r a n s i t i o n  [lo3 
seem su f f i c i en t  t o  explain the  movement of t r ans i t i on  with changes i n  pressure 
l e v e l  and here one may note t h a t  s t a t i o n  A and s t a t i o n  B designated on t h e  f ig -  
ure are located one-half inch on e i t h e r  s ide of  t h e  model center  l i n e  o r  only 
one inch apar t .  However, w e  are not so much concerned with t r a n s i t i o n  per  se 
as i n  simply knowning where the  peak occurs. 

Data a t  th ree  pressure l eve l s  

measured about 0.001 inch th ick ,  undetected differences between the  two leading 
edges may explain t h e  change i n  t r a n s i t i o n  Reynolds number between t h e  two s e t s  
of da ta .  This however does not explain the i n s e n s i t i v i t y  of t r a n s i t i o n  t o  
pressure l e v e l .  
heat ing (Rv) shows much t h e  same behavior a s  the experiments presented i n  f i g -  
u r e s  1 t o  3 although the re  i s  a tendency f o r  t h i s  data t o  show a slight decrease 
f o r  t h e  highest  values of Rv. 
e f f e c t s  previously mentioned. 

The heat ing data as a function of dis tance from the  peak 

This may be a t t r i b u t a b l e  t o  the  s ide edge 

Thus f a r  t he  data  considered has been from f l a t - p l a t e  models; however, 
According t o  Van Driest [lg t he  much of t h e  data ava i lab le  i s  from cones. 

l o c a l  sk in- f r ic t ion  coef f ic ien t  on a cone i s  t h e  same a s  t h a t  on a f l a t  p l a t e  
a t  ha l f  the l o c a l  Reynolds number on t h e  cone. This r u l e  however appl ies  only 

These same data  p lus  data  obtained a t  other angles of a t t ack  a re  pre- 
sented i n  f igu re  2(b) with Reynolds number based on dis tance from the  peak 
heating value. I n  t h i s  case the  experimental po in ts  have been divided by t h e  
values given by the  modified K6rm6n-Schoenherr equation a t  t h e  corresponding 
values of Rv. One can see t h a t  f o r  R, greater  than about 10 6 t h e  normalized 

hea t - t ransfer  coeff ic ient  i s  v i r t u a l l y  independent of Reynolds number. The 
same r e s u l t  i s  indicated by data shown i n  figure 3 obtained i n  the  Langley 
18-inch var iable  densi ty  wind tunnel  on the  same model t e s t ed  a t  a free-stream 
Mach number of 8 by Weinstein. 
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t o  cones where the  flow i s  turbulen t  from the  apex; i n  the  a c t u a l  case t r a n s i -  
t i o n  occurs a t  a s ign i f i can t  dis tance downstream of the  apex and t h e  turbulent  
boundary l aye r  would be expected t o  behave more as i f  it were growing on a %run- 
cated cone. 
cor rec t  t h e  r e s u l t s  t o  the  values  t h a t  would be obtained were the  flow turbulen t  
from the apex of the cone. 
appendix B. 

A transformation has been applied t o  t h e  data obtained on cones t o  

The d e t a i l s  of t h i s  transformation a r e  given i n  

Two s e t s  of data obtained on cones i n  supersonic wind-tunnel flow kZ?J [lj 
a r e  shown i n  f i gu re  5 .  
shown. 
incompressible hea t - t ransfer  coe f f i c i en t ,  as f o r  t he  data  i n  f igu res  2 t o  4, 
except t h a t  t he  incompressible value a t  ha l f  t h e  Reynolds number (R,) of i n t e r -  
e s t  i s  used, designated i n  t h i s  case 
t h e  cone r e s u l t s ,  t he  data  i s  reduced i n  terms of l o c a l  values on t h e  cone sur- 
face  [&]. 
modified da ta  ( f i l l e d  symbols) i nd ica t e s  the  reduction i n  hea t - t ransfer  coef- 
f i c i e n t  t h a t  theory p red ic t s  t o  be due t o  the  loca t ion  of tu rbulen t  flow down- 
stream of t h e  cone apex. The e f f e c t  i s  seen t o  be s ign i f i can t .  

The r e s u l t s  of t h r e e  separate  f l i g h t  experiments E?] E61 [lfl a r e  given 

Here only the  da ta  downstream of peak heat ing a re  
The hea t - t ransfer  coe f f i c i en t  has been normalized with respect  t o  t he  

NSt,i,c. For t h i s  and the  remainder of 

The mount t h a t  t h e  o r ig ina l  data  (open symbols) l i e s  below t h e  

i n  f igure 6.  
values  ( f i g .  6(a)  ) a r e  general ly  increasing with increasing Reynolds number 
(Rv) .  This s o r t  of e f f e c t  i s  predicted by the  theory tak ing  the  "turbulent 
cone t runcat ion" i n t o  account. (One can note a general  tendency of t h i s  type 
i n  t h e  overa l l  o r ig ina l  data of f igu re  5 ,  but  the  r e s t r i c t e d  range of 
da ta  sca t t e r  d id  not allow d e f i n i t e  conclusions t o  be drawn.) Upon examining 
the  individual  s e r i e s  of datum poin ts  corrected t o  turbulen t  flow from the  apex 
( f i g .  6 ( b ) ) ,  t h e  e f f e c t  of Reynolds number on the  Stanton number r a t i o  i s ,  a t  
l e a s t ,  found t o  be s ign i f i can t ly  reduced. (Datum poin ts  close t o  t h e  place 
where peak heating occurs a re  not included i n  the  corrected data;  these  may 
r ead i ly  be iden t i f i ed  by comparing t h e  two p a r t s  of f i gu re  6 i n  the  lower 
range of Rv. )  

One notes t h a t  t h e  o r i g i n a l  normalized hea t ing  coef f ic ien t  da ta  

R, and 

Of considerable value i s  the  h i t h e r t o  unpublished data,  from cone models, 
These da ta  cover a considerable range of w a l l  tempera- contained i n  f igu re  7. 

t u r e  r a t i o  and most importantly extend down t o  very low wall  temperature r a t i o s .  
The upper s e t  i n  f i g u r e  7(a) i s  derived from da ta  supplied by the  Republic 
Aviation Corporation from t e s t s  i n  t h e i r  36-inch-diameter pebble bed heated, 
closed j e t ,  hypersonic wind t ~ n n e l . ~  
p l i ed  by t h e  McDonnell Ai rcraf t  Corporation from t e s t s  t h a t  were run i n  the  
Cornel1 Aeronautical Laboratory 48-inch hypersonic shock tunnel .  5 
i n  which wall-temperature r a t i o  was var ied was d i f f e r e n t  f o r  these  two s e t s  of 
da ta .  
and t h e  wall  temperature was var ied by cooling o r  heat ing t h e  model. 
case of the McDonnell da ta ,  t h e  wal l  temperature was always about room temper- 
a t u r e  and the  wall-temperature r a t i o  was var ied by using a number of d i f f e r e n t  

The lower s e t  i s  an adaption of data sup- 

The manner 

For the  Republic data  t h e  supply temperature w a s  kept roughly constant 
I n  the  

6 
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supply enthalpies .  Again t h e  correct ion f o r  "turbulent cone t runcat ion" 
reduces the  e f f e c t  of Rey-nolds number on the Stanton number r a t i o  ( f i g .  7(b)) ;  
though t h e  e f f e c t  of Reynolds number i n  t h e  case of t h e  Republic da ta  i s  more 
than would be expected, it i s  not considered excessive. 

EFFECT OF WALL-TENPEZATURE RATIO ON HEAT TRANSFER 

I n  t h e  previous sect ion t h e  data  was considered from the standpoint of 
i t s  proper reduction and in t e rp re t a t ion  rather  than examining t rends  o r  evalu- 
a t i n g  predict ions.  
methods. 
l aye r  problem i s  the  e f f e c t  of wall-temperature r a t i o  on t h e  heat- t ransfer  (or 
sk in- f r ic t ion)  r a t i o .  
9 ,  and 10 have been prepared t o  cover t h e  supersonic-hypersonic range and t o  
compare f l i g h t  and wind-tunnel r e s u l t s  where possible .  

Here we w i l l  examine t h e  data i n  r e l a t ion  t o  the  pred ic t ion  
One of  t h e  important po in ts  t o  be resolved i n  the  turbulent  boundary- 

To inves t iga te  t h i s  problem i n  some d e t a i l ,  f i gu res  8, 

Data obtained i n  t h e  supersonic range between Mach numbers of 3 and 4 are 
shown i n  f igu re  8. 
f igu res  2(b) ,  5, 6(b) ,  and k8]. 
taken on t h e  cy l indr ica l  port ion of a cone cylinder. The ac tua l  Mach numbers 
shown are 3.3 and 3.8. 
these  Mach numbers, t h e  predicted incremental e f f e c t  of Mach number on t h e  
heat ing coef f ic ien t  r a t i o  w a s  added t o  the  datum value. 
numbers t h e r e  i s  an in s ign i f i can t  difference between t h e  various theo r i e s  i n  
t h e  predicted increment of skin f r i c t i o n  o r  heat t r ans fe r  due t o  a small change 
i n  Mach number. The theo r i e s  shown are the  much used T-prime o r  reference t e m -  
perature  method using Monaghan's constants as  given i n  pd and the more recent 
semiempirical formulation f o r  skin f r i c t i o n  of Spalding-Chi 
heat  t r a n s f e r  as given i n  appendix A. 

These data  a re  average values of t h e  data  contained i n  
The measurements contained i n  E81 were 

Where t h e  Mach number of t h e  t e s t  was d i f f e ren t  from 

I n  this range of Mach 

modified t o  

The t r end  though not t h e  magnitude of the M = 3.3 data  i s  predicted 
qu i t e  w e l l  by the  T-prime method and t h e  trend of t h e  data appears t o  
be intermediate between t h e  T-prime and the  modified Spalding-Chi predict ions.  6 
A t  both Mach numbers the re  i s  general ly  good agreement between the  f l ight and 
wind-tunnel results.  
a nominal f l ight  temperature a t  both Mach numbers. 
f o r  t h e  lowest wind-tunnel t o t a l  temperature (500' R )  raises t h e  pred ic t ion  
about 5 percent over t h e  curves shown. 
not include an e f f e c t  of t o t a l  temperature l e v e l . ,  The 
s iderably  and cons is ten t ly  above both predict ion methods - an unexplained 
e f f e c t .  
Banner, K u h l ,  and Quinn of t h e  NASA F l igh t  Research Center a t  a Mach number 
of 3 do not agree with t h e  high l e v e l  indicated by t h e  
u r e  8. 

M = 3.8 

It may be noted t h a t  the T-prime method was computed f o r  
Computing the  T-prime resul t  

A s  given, t h e  Spalding-Chi method does 
M = 3.3 data  are con- 

However, data obtained on wing panels during flights of t he  X-15 by 

M = 3.3 data  i n  f i g -  
I n  t h e  case of t he  X-15 data  a t  a Mach number of 3, which i s  shown on 

~~~ ~ 

'kales results [2] f o r  l o c a l  skin f r i c t i o n  a t  M = 3.7 w i t h  an ad iaba t ic  
Tt = 0.9) give a value f o r  C f / C f , i  of about 0.54 thus  f i t t i n g  i n  

quite w e l l  wi th  t h e  heat- t ransfer  data. 
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t h e  left-hand s ide of f igu re  9 by the  shaded rectangle,  t he re  i s  good agreement 
with the modified Spalding-Chi predict ion.  A s  shown t o  t h e  r i g h t  i n  t h i s  f i g -  
ure ,  X-15 data  a t  a Mach number of 5 s t i l l  agree bes t  with t h e  modified 
Spalding-Chi prediction, bu t  t he  mean of t h e  data  appears t o  l i e  somewhat below 
the  predict ion.  The value of NSt, i  used t o  normalize t h e  experimental heat-  
t r ans fe r  coef f ic ien ts  i s  from t h e  modified K&&n-Schoenherr equation as f o r  
t he  other data  presented i n  t h i s  paper. 

Fl ight  data a re  des i rab le  but because such da ta  general ly  cannot be 
obtained under a s  wel l  control led conditions as are possible  i n  wind tunnels,  
doubts can always remain where such experiments a r e  our major source of infor-  
mation. 
been col lected i n  f igure  10 t o  a id  i n  evaluat ing t h e  wall-temperature e f f e c t .  
The data a r e  i n  t h e  low hypersonic speed range (roughly, Mach numbers from 5 
t o  9 )  where the  l a rge  temperature po ten t i a l  dr iving heat t r a n s f e r  a ids  i n  
obtaining more accurate data than a r e  general ly  obtained i n  t h e  supersonic 
speed range i n  wind-tunnel flows. The results shown a re  average values from 
f igu res  2(b), 3, 4, and 7(b) p lus  addi t iona l  data  from [18], f21], [22], 
and @]. 

t h i n  w a l l  thermocouple o r  thin-f i lm techniques ( s o l i d  symbols) , good agreement 
i s  found with the  t rend o f  t he  Spalding-Chi predict ions.  
s ign i f i can t ly  overpredicts t h e  heat  t r a n s f e r  a t  t h e  lowest wall-temperature 
r a t i o s .  T h i s  overprediction i s  not apparent unless  t h e  wall-temperature r a t i o  
i s  considerably below 0.5 a t  M = 5 and l e s s  than 0.3 t o  0.4 a t  M = 8. The 
flOL and APL data  [21], [22], and [24 (open symbols) general ly  do not agree 
w i t h  the o ther  data .  
NOL data,  which it does qu i t e  w e l l ,  bu t  except f o r  H i l l ' s  data considerably 
underpredicts the  other  data including t h e  X-15 resu l t s  previously presented 
( f i g .  9).  
temperature measurements and t h e  da t a  of H i l l  were obtained from boundary-layer 
prof i les ;  Winkler and Cha's r e s u l t s  were on a f l a t  p l a t e ,  Lobb, Winkler, and 
Persh obtained t h e i r  r e s u l t s  i n  a wedge nozzle, and H i l l ' s  r e s u l t s  were 
obtained i n  a conical nozzle u t i l i z i n g  nitrogen gas.  

Thus much o f  t he  ava i lab le  experimental r e s u l t s  from wind tunnels  have 

For the  data  shown i n  f igure  10 which were obtained by t h e  conventional 

The T-prime method 

The Winkler-Cha formulation [2d was designed t o  f i t  the  

The NOL hea t - t ransfer  r e s u l t s  were obtained from inner w a l l -  

Going back t o  the  data  represented by t h e  so l id  symbols i n  f i g u r e  10, one 
notes  tha t ,  although t h e  modified Spalding-Chi method bes t  represents  t h e  da ta  
of a l l  the theo r i e s  shown, it does somewhat underpredict t h e  data .  The under- 
prediction i s  general ly  from 5 t o  15 percent with one poin t  a t  Mach 8 about 
25 percent underpredicted. This discrepancy appears t o  be a funct ion o f ,  and 
increasing with, Mach number. 
t i o n  of the  data  i n  f i gu res  2(b) ,  3 ,  4, and 7. It i s  c l ea r  t h a t  w e  cannot a t  
t h i s  point say t h a t  t h i s  represents  a bas i c  e f f ec t ,  f o r  t h e  problem of the  
proper f o r m  of t he  Reynolds analogy f ac to r  r e l a t i n g  skin f r i c t i o n  and heat 
t r ans fe r  has  not been solved. 
analogy (discussed e a r l i e r )  would br ing  t h e  predict ion i n t o  somewhat b e t t e r  
agreement with the  higher Mach number r e s u l t s  but  would r e s u l t  i n  poorer agree- 
ment f o r  t he  lower Mach number data ( f i g .  1 r e s u l t s  and f i g .  2(b) M = 4). 
There are  possible ,  however, o ther  explanations f o r  this type of behavior. 
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It i s  perhaps bes t  seen i n  t h e  o r i g i n a l  presenta- 

For instance,  using Colburn's form of Reynolds 



Various turbulen t  t heo r i e s  a re  qui te  p l a s t i c  i n  t h e i r  behavior depending 
on the  assumptions which go in to  t h e i r  makeup. 
l o c a l  sk in- f r ic t ion  r a t i o s  on an insulated f l a t  p l a t e  as a function of Mach 
number by var ious theo r i e s  [2d, [24], [23 are shown i n  f igure  11. Previously 
i n  t h i s  paper we have avoided such a presentation of theory because of t h e  d i f -  
f i c u l t y  of comparing data  and theory on such a g l o t  when, i n  addi t ion t o  the  
conditions shown, the  problem of the large range of wall-temperature r a t i o s  and 
stream conditions has t o  be added. Often i n  the  pas t  such p l o t s  on which are 
placed a l l  ava i lab le  theo r i e s  have been used a s  a hor r ib le  example t o  show the  
la rge  discrepancies between theor ies .  Here our in ten t ion  i s  more t o  show the  
wide va r i a t ions  i n  predict ion possible  within a given theory. 

The predict ions of average and 

Generally the  more complete theor ies  show an e f f e c t  of stream temperature 
l eve l .  I n  t h i s  case, t h i s  i s  i l l u s t r a t e d  by showing ca lcu la t ions  f o r  two l i m i t s  
of t h e  exponent i n  t h e  power l a w  f o r  viscosi ty ,  o = 0.3, which corresponds t o  
a high Mach number - high temperature flow, and u) = 1, an a r b i t r a r y  upper 
l i m i t  which might correspond t o  a very cold flow. (For the  t es t s  presented i n  
t h i s  paper u) general ly  var ied between 0.8 and 1.) I n  addi t ion,  t he  ana ly t i c  
r e s u l t  depends upon t h e  l a w  assumed f o r  t he  mixing length; e i t h e r  t h e  Prandt l  
mixing length  (L(P)) o r  t he  K6rm& mixing length (L(K))  a r e  general ly  used. 
L i  and Nagamatsu [23] a l so  introduce a proport ional i ty  constant or  "compressi- 
b i l i t y  mixing length parameter" which determines the  importance of t he  contr i -  
bution t o  the  shearing s t r e s s  from dens i ty  f luctuat ions.  When the  proportion- 
a l i t y  constant i n  t h e  Li-Nagamatsu theory i s  zero, t h e  r e s u l t  i s  t h e  same as 
t h a t  given by the  Van Driest  theory [2q. Since the  exponent u) i s  general ly  
known, t h e  most important determinations are that of t he  proper mixing length 
and of t h e  contr ibut ion of t h e  dens i ty  f luc tua t ions .  The Spalding-Chi method 
i s  semiempirical and does not,  as given, allow a choice of mixing length  o r  
values of Lo. The T-prime method, included f o r  reference,  does not have mixing 
length  considerations.  Figure 11 was prepared f o r  a Reynolds number of 107. 
Changing the  Reynolds number by an order of magnitude, say, would change the  
curves shown but  t h i s  would probably be a second-order e f f e c t .  

I n  the Li-Nagamatsu paper l o c a l  skin f r i c t i o n  and heat t r a n s f e r  and t h e  
e f f e c t  of wall-temperature r a t i o  are  not t r ea t ed  d i r ec t ly ;  however, because of 
i t s  s i m i l a r i t y  with the  Van Driest ana lys i s  together  with t h e  increase i n  skin 
f r i c t i o n  due t o  t h e  inclusion of densi ty  f luc tua t ion  terms, it i s  possible  t h a t  
an extension t o  t h i s  theory may give a good predict ion of heat ing a t  t h e  higher 
Mach numbers i f  t h e  K6rm6n mixing length  i s  assumed t o  be t h e  proper one. This 
r e s u l t  can only be considered t en ta t ive  and d e f i n i t i v e  answers w i l l  probably 
have t o  await experiments a t  s t i l l  higher  Mach numbers than have been presented 
here.  If t h i s  r e s u l t  i s  correct ,  however, higher heat- t ransfer  r a t e s  than a re  
predicted by the  Spalding-Chi method w i l l  have t o  be an t ic ipa ted  a t  high Mach 
numbers. 

The e f f e c t  of wall-temperature r a t i o  was one of our major considerations 
i n  the  data i n  f igu res  8 t o  10. How the  loca l  sk in- f r ic t ion  r a t i o s  presented 
i n  f i g u r e  11 f o r  the  insulated w a l l  case are a f fec ted  by temperature r a t i o  i s  
shown i n  f igure  12. Again t h e  l i m i t s  f o r  t he  viscosity-temperature r e l a t i o n  

9 



exponent a re  taken as 0.5 and 1 (except f o r  t h e  Spalding-Chi method) and where 
applicable both t h e  Prandt l  and K&&n mixing length r e s u l t s  a r e  shown. 
the  lower Mach number ( M  = 4) the  d i f fe rences  between t h e  various assumptions 
within a theory and between t h e  theo r i e s  i s  much l e s s  than a t  t h e  higher Mach 
number. A t  M = 20 skin f r i c t i o n  covers t he  gamut from increasing t o  
decreasing with decreasing wal l  temperature. 
v i r t u a l l y  a l l  t h e  p o s s i b i l i t i e s  can be obtained, depending upon t h e  assumptions 
used i n  t h e  calculat ions,  including the  case where the  skin f r i c t i o n  i s  prac- 
t i c a l l y  independent of wal l  temperature. 
r e s u l t s  from t h e  Spalding-Chi method though t h e  numerical values a r e  higher 
(even taking i n t o  account t h a t  t h e  value of 
Driest theory i n  f igure  12  would have t o  be reduced i n  order t o  more c lose ly  
correspond t o  the  W 

result) .  Because of t h e  s e n s i t i v i t y  of t h i s  and s imilar  t heo r i e s  t o  the  var i -  
ous assumptions, t he re  i s  more l ike l ihood of d e f i n i t i v e  experiments being per- 
formed i n  t he  hypersonic speed range than a t  lower speeds. 

A t  

With one ( the  Van Driest) theory 

This l a t t e r  case i s  s imi la r  t o  

w used i n  computing t h e  Van 

of t h e  data  used by Spalding-Chi i n  formulating t h e i r  

THE MAXIMUM HEAT TRANSFER TO SMOOTH FLAT PLATES AND CONES 

Up t o  t h i s  point t he  results do not allow an evaluation of t he  maximum 
heat  t r ans fe r  t o  be encountered on smooth f l a t  p l a t e s  and cones. This maximum 
i s  closely represented by the  peak i n  heating which has been used t o  designate 
t h e  v i r tua l  o r ig in  of t h e  turbulent  boundary l aye r  i n  t h e  previous sec t ion  of 
t h i s  paper. Examples of t h e  peaks shown by experimental heating d i s t r i b u t i o n s  
a r e  contained i n  t h e  upper por t ion  of f igu re  1 and i n  f igu re  2(a)  while i n  t h e  
upper portion of f igu re  4 such peaks a r e  shown i n  both shear and heat ing 
d is t r ibu t ions .  

(NSt,P) Figure 13 has been prepared t o  show t h e  values of peak heat ing 
obtained on f la t  p l a t e s  on both low speed [6] and high-speed flow as a funct ion 
of Reynolds number based on the  d is tance  from the  leading edge t o  t h e  peak 
heat ing locat ion.  The high-speed data  i s  t h a t  used t o  compose f igu res  2, 3, 
and 4, plus unpublished da ta  obtained by S t e r r e t t  i n  t he  Langley 20-inch hyper- 
sonic tunnel and da ta  contained i n  [26]. 
t r a n s f e r  coef f ic ien t  show much t h e  same v a r i a t i o n  with Reynolds number shown by 
the  incompressible turbulent  theory (K&&n-Schoenherr) . 
l i z i n g  t h i s  theory t o  remove much of t h e  Reynolds number dependence as i s  done 
i n  t h e  lower port ion of t he  data presenta t ion  i n  figure 13 f o r  each speed 
range. 
however, a de f in i t e  dependence on Mach number is  shown. 

The values of t he  peak i n  the  heat-  

This suggests u t i -  

I n  t h i s  form t h e  Reynolds number dependence i s  indicated t o  be weak; 

A means f o r  pred ic t ing  these  peak values  would be des i rab le .  Momentum 
matching, which w a s  discussed i n  an e a r l y  p a r t  of t h i s  paper, suggests i t s e l f .  
The result from momentum matching f o r  incompressible flow using the  Blasius  
equation for  laminar skin f r i c t i o n ,  and t h e  K&&n-Schoenherr equation f o r  t u r -  
bulent  skin f r i c t i o n  i s  shown i n  t h e  upper p a r t  of f igure  13. 
with t h e  data i s  surpr i s ing ly  good considering t h a t  t he  theory assumes sudden 

The agreement 
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t r a n s i t i o n  and t h e  a c t u a l  t r a n s i t i o n  can be a gradual process a s  shown i n  
f i gu re  1. 

11 

I 

Application o f  t h i s  method t o  the  compressible r e s u l t s  shown i n  t h e  lower 
Ut i l iz ing  t h e  Spalding-Chi formula- p a r t  of figure 13 m e t  with mixed results. 

t i o n  11201 with t h e  Blasius equation modified t o .  compressible flow by t h e  
T-prime method gave good agreement with results but  underpredicted the  
data by increasing amounts as the  Mach number increased u n t i l  a t  MZ = 8 
w a s  about 35 percent below t h e  data. Some rough ca lcu la t ions  with Li-Nagamatsu 
theory [25] f o r  t he  turbulen t  flow gave values within 10 percent of t he  M2 = 8 
data. 
judgment f o r  appl ica t ion  (only t h e  curves of f igu re  11 were ava i lab le ,  limited 
t o  a Reynolds number of 107, adiaba t ic  wall ,  and average skin f r i c t i o n ) .  

MZ = 4 
it 

These ca lcu la t ions  are not shown, as a t  present they  requi re  too much 

Another way of looking a t  peak da ta  i s  t o  compare it with da t a  downstream 
of t h e  assumed v i r t u a l  or ig in ,  which w a s  shown previously t o  have a similar 
t rend  with Mach number. 
peak heating (or sk in - f r i c t ion )  r a t i o  divided by t h e  heat ing (or  sk in- f r ic t ion)  
r a t i o  downstream of t h e  v i r t u a l  o r ig in .  
c i t e d  e a r l i e r  i n  t h i s  paper where the  t e s t  conditions a re  given i n  some d e t a i l  
with t h e  addi t ion of Coles sk in- f r ic t ion  data [2] taken under ad iaba t ic  w a l l  
and e s s e n t i a l l y  room temperature supply conditions. To avoid a confusion of 
symbols, only average values are shown f o r  t h e  l a rge  number of peak r e s u l t s  
avai lable  from a given source. 

Figure 14  presents  these r e s u l t s  i n  t h e  form of the  

The da ta  i s  general ly  from sources 

The f l a t - p l a t e  r e s u l t s  f o r  t h i s  r a t i o  on f igure  14 while not conclusive 
appears t o  be independent of Mach number and t h e  l e v e l  agrees with t h a t  found 
f o r  incompressible flow by the  momentum matching procedure. 
p l a t e  da t a  except t h e  low-speed r e s u l t s  t h e  values of R2,p  and R, a re  of 
t h e  same magnitude. 

For a l l  -the f lat-  

(The low-speed da ta  were compared t o  r e s u l t s  of momentum 1 matching f o r  t h e  proper Reynolds number i n  f igure 13.) 

I 
The same r a t i o  from cone data is  about 20 percent below t h e  f l a t - p l a t e  

results and appears a l s o  t o  be e s s e n t i a l l y  independent of Mach number. (Note 
t h a t  t h e  f l i g h t  results are f o r  Reynolds numbers about one order  of magnitude 
higher than t h e  o ther  f l a t - p l a t e  or cone resu l t s  shown.) Based on these  r e s u l t s  
t h e  pred ic t ion  of t h e  e n t i r e  heat- t ransfer  ( o r  sk in- f r ic t ion)  behavior on a f la t  
p l a t e  o r  cone depends upon the  a b i l i t y  t o  predict  t h e  NSt/Nst,i ( o r  C f / C f , i )  
r a t i o .  

BOUNDARY-LAYER SUHVEYS 



Some of t h e  bas ic  s t ruc tu re  of t h e  boundary layer  can be obtained from conven- 
t i o n a l  boundary-layer pressure and temperature surveys; however, because of t h e  
r e l a t ive  thinness  of the  laminar sublayer as compared t o  t h e  ove ra l l  boundary- 
l aye r  thickness, s m a l l  probes or t h i ck  boundary layers ,  o r  both, a r e  necessary 
f o r  probing i n  t h i s  region. 

Figure 15 is composed of recent ly  obtained ve loc i ty  and temperature pro- 
f i l e s  i n  r e l a t i v e l y  th i ck  boundary layers  ( 2  t o  4 i n . )  a t  Mach numbers of 6 and 
6.8 i n  a i r  and 18.5 i n  helium. The r a t i o s  of w a l l  t o  free-stream stagnat ion 
temperature are 0.63, 0.50, and 1, respect ively.  
nozzle walls near t he  t e s t  sec t ion  where t h e  longi tudina l  pressure gradients  
were, f o r  a l l  p r a c t i c a l  purposes, zero. The Mach 6.0 da ta  were obtained by C a r y  
i n  the  Langley 20-inch hypersonic tunnel,  t he  Mach 6.8 da ta  were obtained by 
Neal i n  the  Langley 11-inch hypersonic tunnel ,  and t h e  Mach 18.5 da ta  were 
obtained by Watson i n  the  Langley 22-inch helium tunnel .7  
were obtained from l o c a l  p i t o t  pressure measurements and f a i r e d  values of l o c a l  
stagnation temperature measurements8 i n  con junction with t h e  conventional 
assumption of constant s t a t i c  pressure through the  boundary layer .  
f ac to r  of un i ty  w a s  used f o r  t h e  temperature probes as time d id  not permit a 
comprehensive ca l ib ra t ion  of t h e  probes; however, ca l ib ra t ion  of probes ident i -  
c a l  t o  t h o s e  used t o  gather  the  data,  at Mach numbers of 6.0,  6.8, and 8.5, 
over a sizable range of u n i t  Reynolds numbers gave recovery f ac to r s  of un i ty .  
The recovery f a c t o r  f o r  these  probes may or may not be uni ty  at flow conditions 
encountered well  within t h e  boundary l aye r  and espec ia l ly  near t h e  w a l l .  

This da ta  w a s  obtained on 

The ve loc i ty  p r o f i l e s  

A recovery 

General  examination of t h e  ve loc i ty  p r o f i l e s  i n  f igure  15 show t h a t  they 
display the t y p i c a l  appearance of tu rbulen t  boundary layers ,  i . e . ,  an outer  
region t h a t  can be represented qui te  w e l l  with a power l a w ,  an inner  region, or 
laminar sublayer, and of course the  intermediate,  o r  buffer ,  region between the  
two. 
inverse of t he  exponent i n  the  power l a w  f i t  t o  t h e  outer  region increases  with 
R e ,  t h a t  there  i s  a small i n f l e c t i o n  point  near t he  edge of t h e  boundary layer ,  
t h a t  t h e  laminar sublayer . thickness  (which i s  very s m a l l  f o r  t he  air  da ta )  
increases with decreased Reynolds number, and t h a t  t h e  values of deducible 
from t h e  veloci ty  p r o f i l e s  could not be ca l l ed  conclusive. Walz [27] has c r i t i -  
cized the  v a l i d i t y  of t h e  da ta  of references [21] and [22] as well  as 
H i l l ' s  older r e s u l t s  [28] which were obtained from ve loc i ty  p r o f i l e s .  Figure 16 
i s  composed of port ions of representat ive ve loc i ty  p r o f i l e s  from references [21] 
and [22] a t  a Mach number near 5. Included i n  these  p l o t s  are r e s u l t s  from 
reversed calculat ions using the  values of 
given i n  the references and using t h e  v i s c o s i t y  l a w  given by equation ( A l ) .  

Closer examination of t h e  p r o f i l e s  show t h a t  a t  a given Mach number t h e  

Cf 

Cf 

Cf (and o ther  per t inent  q u a n t i t i e s )  
I n  

~~ ~ ~- 

7 N 0 t e  on f igu re  15(c)  t h a t  t h e  boundary-layer thickness  covers about ha l f  
the  radius of t h e  nozzle, and thus s ign i f i can t  la teral  curvature e f f e c t s  a r e  
probably present.  

made differed from those where the  pressure measurements were made SO f a i r e d  
values o f t h e  temperature da t a  were used i n  computing t h e  ve loc i ty  p r o f i l e s .  

81, general, t h e  wall-distances at which t h e  temperature measurements were 
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severa l  instances ,  and espec ia l ly  at  t h e  lower values of 
c u l t  t o  determine how conclusive values of Cf could be deduced. The dashed 
curves, which were inversely computed from Spalding and Chi ' s  [20] t h e o r e t i c a l  
Cf values a re  shown here, and elsewhere on a l l  t h e  ve loc i ty  p r o f i l e s ,  except 
t he  one i n  helium, as reference l i n e s .  In  many cases there  i s  good agreement 
of experiment with the  Spalding-Chi predictions;  i n  others  it i s  d i f f i c u l t  t o  
determine whether t he  disagreement i s  a fundamental one or a r e s u l t  of probe 
inaccuracies and interference e f f e c t s  near the w a l l .  

Tw/Tt,m it i s  d i f f i -  

during a run. 
(approximately 10 seconds) has been used since t h i s  data  would correspond more 
near ly  t o  a uniform w a l l  temperature c lose  t o  t h a t  measured i n  t h e  probing 
region. The Mach 6.0 p ro f i l e s ,  which were taken i n  a slow s t a r t i n g  but  long 
running time capab i l i t y  tunnel,  and the  Mach 18.5 p r o f i l e ,  which w a s  taken i n  
a f a c i l i t y  operating with a s tagnat ion temperature near ambient temperature, 
were not found t o  be time dependent. 

Therefore, only temperature data taken near t h e  start of t h e  run 

' 

Velocity and temperature p r o f i l e s  recent ly  obtained by Adcock and Peterson 
on a hollow cyl inder  model i n  the  Mach 6.0 Langley 20-inch hypersonic tunnel  
a t  T,/T+, values of 0.38, 0.49, and 0.89 are  shown i n  f igu re  17. Qual i ta-  
t i v e l y ,  t he  da ta  f o r  t he  nonadiabatic wal l  temperature cases,  agrees with t h e  
Mach 6.0 nozzle w a l l  da ta  previously presented i n  f igure  15(a) except f o r  t he  

i s  t o  be expected i n  order t o  conserve energy;g however, t h i s  da ta  shows a 
higher degree of overshoot f o r  t h e  nonadiabatic w a l l  temperature cases than f o r  
t h e  ad iaba t ic  one. 
survey the  r e l a t i v e l y  t h i n  bomdary layers  on t h e  hollow cyl inder  possibly 
account f o r  t h i s  behavior. 
Tw/Tt,m 

Experimental d i f f i c u l t i e s  with t h e  small probes used t o  sur- 

By in te rpola t ing  t h i s  hollow cyl inder  da ta  f o r  a 
0.63 and extrapolat ing t h e  nozzle w a l l  da ta  of f i gu re  l5(a)  t o  lower 



I n  f igu res  18 and 19, s tagnat ion temperature-velocity p r o f i l e s  i n  t h e  cor- 
r e l a t ion  form ( T t  - Tw)/ (Tt ,m - Tw) versus u/U suggested by the  Crocco 
energy equation a re  shown f o r  t h e  data previously presented against  w a l l  d i s -  
tance as w e l l  as da ta  from severa l  add i t iona l  sources [28], [SI, [30], [31], 
and [32]. gives a one- 
to-one correspondence between the  two parameters and thus provides a convenient 
reference l i n e  t o  which t h e  da ta  can be compared. For cases where t h e  y dis-  
tances  a t  which the  temperature da ta  were taken d i f f e red  from those at which 
t h e  veloci ty  d a t a  were computed, faired values of u/U have been used. Fig- 
ure 18 is composed of da ta  f o r  severa l  values of wall-to-stream stag-  
nat ion temperature r a t i o  while f igu re  19 contains data at d i f f e r e n t  Mach numbers 
f o r  two w a l l  temperature cases, t h e  ad iaba t ic  w a l l  case and the  
case. 
Crocco values do occur, depending upon t h e  Mach number and wall temperature. 
For t h e  constant Mach number da ta  of  f i gu re  18, Walz' theory is seen t o  qual i -  
t a t i v e l y  pred ic t  t h e  t rend  of w a l l  temperature, except f o r  t he  overshoot i n  
T t / T + ,  near t he  outer  edge of t h e  boundary l aye r  f o r  Adcock and Peterson 's  
data. A s  previously discussed, no overshoot i n  Tt/Tt,., would be expected f o r  
wal l  temperature s ign i f i can t ly  below adiaba t ic  temperature, but an overshoot 
f o r  t he  adiabat ic  case i s  expected. 

In  t h i s  type of p lo t ,  Crocco's equation f o r  Npr = 1 

I& = 6.0 

x 0.5 
From these f igures ,  it i s  seen t h a t  s ign i f i can t  deviat ions from t h e  

I n  t h e  ad iaba t ic  wall-temperature p r o f i l e s  of f i gu re  19, t h e  f l a t - p l a t e  
incompressible data  of Reynolds, Kays, and Kline10 E293 a r e  seen t o  be i n  excel-  
l e n t  agreement with t h e  Crocco equation. A l l  of t he  compressible data  show 
overshoots i n  T t / T t  ,(x,. 
Kistler's nozzle t e s t  sect ion data  [3q a t  Mach numbers of 1.7, 3.6, and 4.7 
l i e  mostly above the  Crocco l i n e  while t h a t  of Lobb, Winkler, and Persh i s  bowed 
considerably below the  Crocco l i n e  a s  a r e  a l s o  Adcock and Peterson 's  Mach 6.0 
hollow cylinder data  a t  intermediate values of u/U. 
data  suggests a small downward t rend with Mach number; however, t he re  i s  a la rge  
unexplained difference between Kist ler ' s  Mach 4.7 data  and the  NOL Mach 4.9 data .  
Differences i n  past  h i s to ry  of t h e  flow o r  t he  f a c t  t h a t  t h e  NOL data  were taken 
i n  a pressure gradient could be suspected for t h i s  behavior. Howeve?, a s  can be 
seen i n  f igure  18 by v i sua l ly  noting t h e  t r end  against  wall-temperature r a t i o  a t  
t he  intermediate port ion of the boundary layer ,  the  Mach 6.0 hollow cyl inder  
data  (no pressure gradient)  and t h e  Mach 6.0 nozzle wal l  t e s t  sect ion data  (with 
previous pressure gradient h i s to ry )  seem t o  agree w e l l  with each o ther  even 
though the  ve loc i ty  p r o f i l e s  were noted e a r l i e r  t o  be s ign i f i can t ly  d i f f e r e n t .  
Also, the ad iaba t ic  w a l l  hollow cyl inder  data a t  u/U values below about 0.85 
and t h e  Mach 4.9 NOL data  agrees w e l l  with each o ther  a s  w e l l  a s  Walz' theory,  
which i s  i n sens i t i ve  t o  Mach number. 

Nothwang's f l a t - p l a t e  data  [34 a t  M, = 3.0 and 

Nothwang's and K i s t l e r ' s  

For t h e  Tw/Tt,m 0.3  p r o f i l e s  of f igure  1.9, it i s  noted t h a t  t he  nozzle- 
wal l  data tends t o  be s ign i f i can t ly  lower than t h e  f l a t  p l a t e  o r  hollow cyl inder  
da ta .  
e f f e c t  upon the  p r o f i l e s .  

Here, it thus appears t h a t  pas t  h i s t o r y  of t he  flow has a pronounced 
Within t h e  intermediate port ion of t h e  boundary layer ,  

~~ - 

1 9 h e  values of RQ shown f o r  t h i s  da ta  were obtained using t h e  KArmAn- 
Schoenherr equation and the  given values of 
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Danberg's Mach 6.4 f l a t - p l a t e  data p2] and Adcock and Peterson 's  Mach 6.0 
hollow cyl inder  data  a r e  i n  good agreement with each o the r  as wel l  a s  Walz' 
theory.  
no apparent e f f e c t  of Mach number. 
present  s u p e r f i c i a l  examination of the  available data but  w i l l  probably require  
a knowledge of t he  previous h i s to ry  of the  boundary l aye r  together  with a 
sophis t icated theory.  

The NOL da ta  [22], which covers Mach numbers from 5.1 t o  8.2, shows 
The answer cannot be  a r r ived  a t  by the  

CONCLUDING REMARKS 

Data from a la rge  number of sources including f l i g h t  and wind tunnel  have 
been analyzed t o  provide information on t h e  turbulent  boundary l a y e r  a t  high 
speeds. Two of the  obvious but  important problems considered were the  e f f e c t  
of Mach number and wall  temperature on the  heat t r a n s f e r .  I n  the  supersonic 
speed range f l i g h t  data  had t o  be r e l i e d  on t o  provide t h e  t rends  a t  low wall- 
temperature r a t i o s .  The r e s u l t s  were equivocal i n  t h a t  the  data d id  not con- 
s i s t e n t l y  support any one theory, though a trend of increasing heat t r a n s f e r  
with decreasing w a l l  temperature was indicated. For Mach numbers of about 5 
and g rea t e r ,  t h e r e  was found t o  be l i t t l e  e f f ec t  of w a l l  temperature on the  
hea t - t ransfer  l e v e l  a s  predicted by t h e  Spalding-Chi method. 
ever ,  a tendency for t h e  Spalding-Chi method t o  underestimate the  l e v e l  of t h i s  
heat  t r a n s f e r .  There a r e  ind ica t ions  t h a t  the Li-Nagamatsu theory, which takes  
in to  account t h e  contr ibut ion of the  density f luc tua t ions  t o  the  shearing 
s t r e s s  may account f o r  t h e  increased heating. The present experimental r e s u l t s  
do not allow a conclusive answer t o  t h i s  problem and d e f i n i t i v e  answers w i l l  
probably have t o  await experiments a t  s t i l l  higher Mach numbers than those pre- 
sented i n  t h i s  paper. 

There was, how- 

The maximum heat t r a n s f e r  t o  f l a t  p l a t e s  and cones has a l s o  been examined. 
This maximum i s  c lose ly  represented by the  peak i n  heat ing which has been used 
t o  designate the  v i r t u a l  o r ig in  of t h e  boundary layer .  
momentum matching was found t o  give a good predict ion of t he  experimental 
r e s u l t s  on a f l a t  p l a t e .  When properly rat ioed t o  the  r e s u l t s  downstream of 
the  v i r t u a l  or ig in ,  t he  f l a t - p l a t e  peak heating r a t i o s  were apparently inde- 
pendent of Mach number a t  a value predicted f o r  low-speed flow. The same r a t i o  
from cone experiments was lower than t h a t  given by the  f l a t - p l a t e  experiments 
but  a l so  appeared t o  be e s s e n t i a l l y  independent of Mach number. 

For low-speed flow, 

Last ly ,  t he  s t ruc tu re  of the  boundary layer  has been considered. Attempts 
t o  co r re l a t e  t he  data i n  the  simple form suggested by Crocco's i n t e g r a l  of t h e  
energy-plus-momentum equation met with mixed r e s u l t s .  
no d e f i n i t e  t r ends  with Mach number could be es tab l i shed ,  bu t  a t rend  did 
appear t o  develop with wall-temperature var ia t ion  which, i n  general ,  agreed 
with t h a t  predicted by Walz. 
t o r y  of t h e  flow had a pronounced e f f e c t  upon the  p r o f i l e s  even though the  
l o c a l  conditions a t  t h e  measuring s t a t i o n  were the  same. 

For t h i s  type of p lo t ,  

Also, it w a s  found t h a t  d i f fe rences  i n  past  h i s -  



I n  regard t o  the  determination of skin f r i c t i o n  from t h e  of ten  used 
ve loc i ty  p r o f i l e  method, it was noted t h a t  it i s  d i f f i c u l t  t o  obtain conclusive 
r e s u l t s ,  mainly because of the few data  poin ts  usua l ly  ava i lab le  i n  t he  t h i n  
laminar sublayer region a s  w e l l  a s  probe in te r fe rence  e f f e c t s  near t h e  wal l .  
Examination o f  some published p r o f i l e s  along with the deduced sk in- f r ic t ion  
coef f ic ien ts  revealed t h a t  severa l  of t he  sk in- f r ic t ion  values could be sig- 
n i f i can t ly  i n  e r ro r  due t o  these d i f f i c u l t i e s .  
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APPENDIX A 

BASIC EQUATIONS USED IN THE PAPER 

Certain equations used in reducing and evaluating the data in this paper 
are included here for convenience and clarity. 

Viscosity of air: 

Keyes' proposed three constant empirical formula [33] was used 

K&rm&n-Schoenherr incompressible skin friction formulas: 

- 0.242CF 
Cf,i - 

0.242 + 0.8686fi 

The K & d n  form of Reynolds analogy factor [7]: 

The application of equation (Ah) to equation (A3) to obtain 
forward but the application to compressible flow is not. 
K & d n  factor to compressible flow the particular theory was transformed to the 
incompressible plane. 
methods. 
transformation) value of Cf was used to change the compressible value of Cf 
to the compressible value of Stanton number. This was checked by plotting the 
Deissler-Loeffler [8J values for Reynolds analogy factor against the values of 
Cf transformed to incompressible flow by the method of Spalding-Chi (i.e., 
using the Spalding-Chi values of Fc and the Deissler-Loeffler value of Cf 
to obtain FcCf where FcCf is taken to be Cf,i). In this form the Deissler- 
Loeffler values of Reynolds analogy factor correlated remarkably well and were 
within 2 to 3 percent of the value given by K&rm&n. 
factor in this paper NPr was taken as 0 . 7 5 .  

NStJi is straight- 
In applying the 

This was possible with the T-prime and Spalding-Chi 
Then the K&rm&n factor corresponding to this incompressible (by 

In applying the K Q d n  



APPENDIX B 

TRANSFORMATION OF TKE LOCAL S K I N  F R I C T I O N  ON A 

TRUNCATED CONE T O  THAT ON A POINTED CONE 

If the local skin friction coefficient may be represented by the power law 
equation Cf a R-lIn then the transformation of distance on an axisymmetric 
body to that on a corresponding two-dimensional shape is given by Mangler [3q 
as n - 

- cro 
y = -  Y L 

The bar designates the quantities in two-dimensional flow; ro 
radius of the axisymmetric shapes; x is measured along a geodesic on the body; 
y is on a normal from the body surface. With n = 2, corresponding to laminar 
flow, the familiar exponent of 2 is obtained in equation (Bl) . 

is the local 

From equations (Bl) and ( B 2 )  and the momentum equation one obtains the 
ratio of the local skin friction on a three-dimensional body to that in two- 
dimensional flow as 

For the specific case of the ratio of the local skin friction on a truncated 
cone to that on a flat plate the result is 

18 



o r  t h e  r a t i o  of t h e  l o c a l  sk in  f r i c t i o n  on a truncated cone t o  t h a t  on a 
pointed cone i s  

Equation (B5)  with 
correspond t o  that on a pointed cone with turbulent flow from t h e  apex. 
sketch below defines  t h e  Reynolds numbers shown i n  equations (a) and ( B 5 ) .  

n = 4 w a s  used t o  correct t h e  turbulen t  cone data t o  
The 
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Figure 2.- Heat-transfer coe f f i c i en t s  on a f l a t  p l a t e  i n  a high-speed flow. 
Data from Langley 20-inch hypersonic tunnel;  d = 0.002 i n .  (0.03 mm). 
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Figure 7.- Heat transfer on highly cooled cones i n  hypersonic flow. Data from 
Republic Aviation Corp. and McDonnell A i r c r a f t  Corp. 
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